Introduction
Refining the grain size plays a central role in improving the mechanical properties of superalloys, One of the main ways to control grain size is via thermomechanical processing (TMP). The TMP of superalloys has been investigated to a far less extent than in steels. Nevertheless, discontinuous dynamic recrystallization (DDRX) is an important physical phenomenon contributing to the evolution of grain size in both material classes. The mechanism of DDRX is complex. It depends on the rheology of the material (strain hardening and dynamic recovery) and involves the nucleation of new grains and the migration of grain boundaries as well.
A new model of DDRX model has recently been developed, but it does not explicitly account for alloying effects such as solute drag or Zener pinning on boundary mobility [1] . To this end, the present work summarizes an experimental investigation of the mechanical behavior of solid-solution nickel alloys during hot working which was undertaken as a first step in the modeling of DDRX in alloys with solutes and precipitates. In particular, hot torsion tests were performed on high-purity binary nickel-niobium model alloys (due to the large range of solubility of Nb in Ni) to quantify the influence of such solute additions on strain hardening and dynamic recovery.
Materials and Procedures
Commercial superalloys have a complicated metallurgy and contain a large number of alloying elements. To avoid complex interactions, therefore, the present work focused on pure binary alloys, specifically pure nickel and four Ni-Nb alloys, i.e., Ni -0.01, 0.1, 1 and 10 wt % Nb. High-purity nickel was obtained by repeated induction melting of commercial (electrolytic-purity) material in a water-cooled silver crucible under a high-purity argon-hydrogen atmosphere. The alloys were Each ingot was hot forged and swaged at ~1050°C into a cylindrical bar of 10.7 mm diameter. Thirteen torsion specimens with a 6-mm diameter and 27-mm gauge length were machined from each bar for mechanical testing. All specimens were homogenized for 1 h at 700°C. Such an intermediate temperature was chosen to restrict grain growth. Microstructural investigations confirmed that the homogenization treatment had a negligible effect on grain size (close to 500 µm for Ni and Ni -0.1 Nb and in the range of 50 -100 µm for Ni -1 Nb). According to the binary Ni-Nb phase diagram, niobium was in solid solution for the entire range of compositions in this work.
To quantify the plastic flow of the program materials, hot torsion tests were performed with an electromechanical, computer-controlled machine equipped with a furnace and gas-quenching device (providing a cooling rate ~100°C/s) which is automatically trigged at the desired final strain; the final strain in the present tests was 5, at which steady-state flow had been reached. Specimens were heated to tested temperature and stabilized ~15 min prior straining. The experimental conditions (Table 2) were carefully chosen (in light of the limited quantity of test material) to enable the determination of the strain-rate sensitivity of the flow stress at 800°C, 900°C and 1000°C and the apparent activation energy at 0.1 s -1 . There was only one exception; a torsion test at 1000°C and 0.03 s -1 was not conducted for pure nickel. Stress-strain curves were derived from the measured torquetwist data using the standard Fields-and-Backofen procedure. Table 2 . Experimental matrix for torsion tests
Results and Discussion
The overall stress levels and the exact shape of the stress-strain curves depended on niobium content. Typical stress-strain curves are given in Fig. 1 for the case of pure nickel strained at 0.1 s -1 and various temperatures. For all the alloys, the flow curves exhibited a single peak, flow softening due to DDRX, and a steady-state regime (characterized by a constant stress) at larger strains. The steady-state condition was reached at an effective surface strain of ~0.5 -1 in pure nickel, 1 -1.5 in Ni -0.01 Nb, 1.5 -2.5 in Ni -0.1 Nb, or 3 -4 in Ni -1 Nb and Ni -10 Nb. The steady-state stress was in the range of 40 -80 MPa for pure nickel, 50 -110 MPa for Ni -0.01 Nb, 60 -150 MPa for Ni -0.1 Nb, 100 -250 MPa for Ni -1 Nb, and 200 -400 MPa for Ni -10 Nb.
The key rheological parameters, consisting of the strain-rate sensitivity and the apparent activation energy, were determined from the stress-strain curves. Strain-Rate Sensitivity. The strain-rate sensitivity of the stress at 800, 900 and 1000°C was determined for both the peak (maximum) stress (m m , Table 3 ) and the steady-state stress (m s , Table   4 ) using logσ -log ε & curves for each alloy. In all such plots, the points fell on a straight line, thus indicating that the rate sensitivities did not depend on strain rate per se. In general, m m was greater than m s and, usually but not always, the values of m increased with temperature and decreased with niobium content. Furthermore, they were much smaller for dilute alloys than for pure nickel, but the tendency was unclear for high niobium contents.
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Apparent Activation Energy. Apparent activation energies of hot deformation were derived for both the peak (Q m ) and steady-state (Q s ) stresses from plots of ln σ -1 T at a strain rate of 0.1 s -1 (Fig. 2) . These plots were linear indicating that the product did not vary with temperature, per the standard analysis of the strain-rate and temperature dependence of the flow stress. The apparent activation energy was greater for the steady-state stress (Q s ) compared to that for the peak stress (Q m ), except for Ni -10 Nb. In addition, both activation energies increased with niobium content, at least for the dilute alloys (Nb ≤ 1 wt %).
Quantitative Analysis of Stress-Strain Curves. Each flow curve was analyzed using the Yoshie-Laasraoui-Jonas single-state-variable model describing strain hardening and dynamic recovery prior to the onset of DDRX, i.e., dd . hr
Here, ρ is the dislocation density, is the strain-hardening parameter, and is the dynamic-recovery parameter. 
in which ( ee , ε σ denotes the stress and strain at yielding, and σ ∞ represents the steady-state stress that would be achieved in the absence of DDRX. In the present research, the values of and r σ ∞ were determined from a best fit of the initial portions of the stress-strain curves; i.e., for strains of ε < (5/6)ε m (ε m = the strain at the peak stress), below which DDRX typically does not initiate. The parameter was then derived from the equation
in which is the magnitude of the Burgers vector and b μ is the elastic shear modulus (at the given test temperature).
The values of and so determined are summarized in Table 5 . h r Analytical, closed-form expressions suitable for the modeling of DDRX (as described in a companion paper in this volume [1] ) were derived to describe the dependence of h and r on strain rate, temperature, and niobium content. The relation for h was as follows: Table 6 . 
Grain Size and the Derby Relationship. The average steady-state grain size at the surface of the deformed torsion specimens (at which = 5), determined by optical metallography and (in selected instances) SEM/EBSD techniques, revealed that niobium alloying results in substantial grain refinement (Fig. 3) . Furthermore, the slope of a log-log plot of flow stress versus grain size (i.e., the so-called Derby exponent [2] ) for each of the program alloys was compatible with classical values in the literature (i.e., ~2/3). However, the overall fit (broken line in Fig. 3 ) yielded an exponent of ~1/3, which is somewhat smaller. It was also found, unexpectedly, that the steady-state stress decreased with increasing niobium content for a given grain size. The hardening effect of niobium in solid solution is thus likely related to grain refinement rather than to a direct solid-solutionstrengthening effect. 
